One disadvantage of this type of instrument, however, is the fact that the energy slit cannot control the energy spread independently of beam divergence. Therefore, even if the energy slit is narrowed to infinitesimal width, the ion beam which enters the magnetic field still has a wide energy spread.
The author noticed that by substituting a combination of two electrostatic deflection fields for a single one in the usual MATTAUCH-HERZOG type mass spectrograph, the disadvantage mentioned above could be removed by setting an energy slit between the two electrostatic fields la .
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HINTENBERGER
and KÖNIG 2-5 investigated the image defects due to the second-order aberration of a MATTAUCH-HERZOG type mass spectrograph which consists of a cylindrical electrostatic field followed by a homogeneous magnetic field.
They proposed a number of favourable mass spectrographs with second-order double focusing on one point of the image line 6 or with very small aberration coefficients in a wide mass range'.
The disadvantage of the slit system was still not removed and the image defects could possibly become unexpectedly large.
As this type of instrument is specified by the double focusing property for all masses, the correction of image defects for all masses is the important problem.
In the present work the correction of the secondorder angular aberration for all masses will be discussed.
In this case, even when the coefficients of ,/?-dependent second-order aberration are not zero, the image defects due to the coefficients can be controlled by the energy slit. Therefore, the correction of the second-order angular aberration for all masses is worth discussing.
For the numerical calculation the MADIC-II A in the author's laboratory is used.
First-Order Focusing
In the present work the matrix representation is employed for studying the ion trajectory 8 .
A vector space is chosen whose components are x (distance from optical axis), a (angle between ion trajectory and optical axis) and ß (relative velocity deviation). Then the field is expressed by a threedimensional transfer matrix, and the overall transfer matrix of the multielement optical system is given by multiplication of the transfer matrices of various parts of the system. Therefore, the optical system of a usual MAT-TAUCH-HERZOG type mass spectrograph is expressed as follows: The length of the field free region is l2 + Z3, where l2 is the distance from the first electrostatic field [£] to the image point of the ion source by this field and /3 is the distance between this image point and the second electrostatic field [F] , Then the following matrix equation holds: we obtain the following equations:
From these equations l2 and l3 can be calculated, and substituting l2 from Eq. (1.8) back in Eq. (1.6) we can calculate lx.
In order to get a physically significant configuration, Z2, l3, and Z4 should be positive. The meaning of the quantities cpm etc. is illustrated in Fig. 1 . The parameters of the magnetic field have an effect on l1 and l2 through Bn B23 -B21 B13 , so that for a given Bn B23 -Bn B13 the effect of the magnets on the configuration of the electric fields is the same, even though the geometry of the magnetic field is different.
In this paper D3 is defined by:
In the second-order approximation, this constant is also very important and it is of some interest to examine its value.
Using the matrix elements of a homogeneous magnetic field with linear field boundaries, and con- In the latter case the resolving power is given by
This implies the possibility of increasing the resolving power.
Second-Order Aberration a) General expressions of second-order aberration
An extensive study of the second-order aberrations of a MATTAUCH-HERZOG type mass spectrograph was made by HINTENBERGER and KÖNIG 3_5 .
Following their method we could calculate the second-order aberrations of the present system which consists of a two-stage electrostatic field and a homogeneous magnetic field in tandem.
The matrix method, however, seems more convenient 10 . The ion trajectory in the field which is homogeneous in the direction perpendicular to the plane on which the optical axis lies is conveniently described by a nine-dimensional transfer matrix, if we choose the vector space as follows: {x,a,ß,x\xz,a\xß,zß,ß*).
(2.1)
The matrix elements Ajj of a cylindrical electrostatic field or a homogeneous magnetic field are related to HINTENBERGER'S notation 3 : The ordinate x of an ion beam on the plane vertical to the optical axis at the first-order double focusing point is expressed by x = T1Ga 2 + T18öLß + T19ß*, (2.3) provided the width of source slit is infinitely narrow.
These terms are the second-order image defects. In the present case one may possibly find the solutions which satisfy this condition.
The physical meaning of Eq. (2.9) is that the ion beam entering the magnetic field is parallel in second-order approximation.
Since the combinations of two electrostatic fields in the same sense intuitively seem favourable for aberrations, the following study is confined to this case. Then Eq. (2.9) becomes where X = cos <p1.
As the equation in the square bracket is a quadratic equation of X, the solution is easily derived in an analytic form. As X is a trigonometrical function of (pi, X should be real and within [ -1, 1] . The area where the roots of the quadratic equation are real is mapped in Fig. 6 .
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At the critical point, (Z)3 = 6/j/34, cp2 = sin 1 13/l/l7), (px is equal to n and l/sin 2^ diverges, but the limiting value of the left side of Eq. (2.13) is still zero. If D3 is smaller than 6/j/34, the solution satisfying Eq. (2.13) corresponds to a closed curve on the <p1 -cp2 plane.
This curve contracts with increasing D3 and reduces to a point on the line 9Ox = JI when Ds equals 6/1/34. For larg er D3 this curve vanishes. The solid lines in Fig. 7 show these curves.
It is clear that the field combinations corresponding to the coordinates 9ox, cp2 on these curves for respective D3 satisfy Eq. (2.9). Practical significance requires positive lx, l2 and /3 . Accordingly only the part of these curves which lie in the unshaded area of Fig. 4 for respective D3 is practically significant. The dashed lines in Fig. 7 show the boundaries of these areas.
By taking a positive root in the analytical solution of X, positive lx and l2 are always assured though the analytical proof is difficult. Therefore, the following discussion is restricted to solutions with positive roots. Figs. 8 and 9 give the results of the numerical calculations of ljre and l2/re for various Do . 
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c) The correction of ß-dependent image defects
In the last section we knew that we could build mass spectrographs whose second-order angular aberrations are corrected for all masses. Putting Z)4 = 0 in Eq. (2.5), we have the expression for the coefficients of a ß aberrations of these remarkable mass spectrographs as follows:
:
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The coefficient of 1 jrm is expressed as a function of cpm: Therefore, it is impossible to make T18 vanish independent of rm . At one point on the photographic plate, however, this term may posibly be canceled by the first term. This condition is rJre = CjDK, (2.16) where D\ is the abbreviation of a2i a -28 ~ °22 °27 an d rmo denotes the particular rm which satisfys this condition. To be physically significant, this ratio should be positive. In the present case, D\ is expressed by the following equation: The numerical evaluation of Eq. (2.7) proves that D\ is always positive except for small D3. The constant lines satisfying Eq. (2.20) are plotted in Fig. 11 . The results clearly suggest the possibility of an excellent mass spectrograph whose a ß and ß 2 aberrations are zero at one point on the photographic plate by a particular choice of d/re, in addition to achieving first-and second-order angular focusing and first-order velocity focusing for all masses. The essential problem, however, is not to correct the image defects for one mass but to reduce them for a wide mass range. The change of the coefficients along the focal plane should be examined.
With rm/rm0 = T, Eq. (2.14) yields the relative aberration coefficient T18/rm as a function of r: 
d) Discussion
By replacing of an electrostatic field in an usual
MATTAUCH-HERZOG
type mass spectrograph by a combination of two electrostatic fields in tandem, a remarkable mass spectrograph can be designed.
The important advantages of these instruments are as follows:
1. The first-order double focusing for all masses is achieved.
2. A real image of the source slit exists between two electrostatic fields, and independent control of ÖL and ß is possible.
3. The second-order angular aberration is corrected for all masses.
4. The simultaneous correction of a ß and ß 2 aberrations is achieved at one point on the photographic plate.
A numerous variety of mass spectrographs possessing these advantages are possible. From the practical point of view, a magnet of small deflection angle (<pm) or large incident angle (#') is not favourable. This fact implies that Ds should not be shows that these conditions are compatible and magnets characterized by D3 ££ 1 are possibly useful. Especially, the vertical entry is most interesting and can be achieved by taking the deflection angle 70° 32' as can easily be seen from Eq. (2.10). In this case D3 is (2 l/2)/3 = 0.943, which is smaller than 6/1/34 .
As the total ion path should be as short as possible, the length of lx, U, l3, and d should be examined. Figs. 8 and 9 show that lx and l2 become sufficiently short when D3 approaches 1.0.
The length l3 is a function of cp2 and becomes short when cp2 becomes large. Taking D3 close to 1 and choosing cp2 as large as possible the ion path from the source to the focal point becomes short.
According to Fig. 10 , the instruments with D3^ 1 have a rather small ratio rm0/re. This result seems plate. S,: Source slit, S2: Energy slit, B: Second-order double focusing point, F.P.: Focal plane.
favourable for a large instrument for mass determination, because a large electrostatic field is needed to increase its resolving power but a relatively small magnet meets the requirement. In the case of the smaller instruments such as those for solid analysis, however, a very small ratio rmo/re is of no practical use, as the effect of fringing field becomes serious. In this case the correction of the image defects for a particular mass, however, is not important but the reduction in defects for a wide mass range is essential. To fulfill this requirement, small T18 and T19 are needed. Figs. 12 and 13 show that these constants decrease with an increase in D3 and (p2.
All these conditions are fortunately compatible with each other.
The design parameters are numerically computed and tabulated in Table 1 for several favourable examples. Fig. 14 shows the configuration of typical examples. Fig. 15 shows the change in the aberration coefficients along the focal plane as a function of r for the mass spectrograph No. 4, Table 1. The change in these coefficients for the usual MATTAUCH-HERZOG type mass spectrograph and for HINTENBERGER'S instrument X -2 11 are shown for comparison.
The total image defects due to the second-order aberration are the differences between the maximum and minimum values of x given by Eq. (2.3) for any values of a and ß of the collected beams. In the present case, the area on the a -ß plane defining the range of the permitted beam is rectangular, but in the usual case it becomes a parallelogram 12 as shown in Fig. 16 and its figure varies with the position of the energy slit. Fig. 17 shows the total image defects of these three systems. Three curves are calculated under the following condition: The area of the rectangle and the parallelograms are equal (a0 = /?0 = l) that means, that the beam intensity is equal for each case. This figure shows that the image defects of the present instrument is considerably small. This fact results not only from the small coefficients of the second-order aberrations but also from the characteristic feature of this instrument, i. e. the indepen- comes more clear when the change in the image defects are described as a function of ß0 under a constant value of 30. Fig. 18 illustrates the results. Only by the present instrument the image defects can be decreased with decreasing ß0 .
